Abstract. When a conductor moves through a nonuniform magnetic field, eddy currents flow that interact with the field to decelerate the conductor and perhaps change its trajectory, orientation and, if a liquid, shape. A rod of radius a = 1 cm and the density and electrical conductivity of melted gallium (γ = 6.1 g/cm 3 , ρ = 26 µΩ cm) will decelerate 6.3 m/s in a 0.5 m ramp of paraxial field with a constant gradient g of 40 T/m (∆B = 20 T). The deceleration is proportional to a 2 g∆B/γρ, independent of the velocity. The bar decelerates about twice as much in a 20 T, 0.5 m ramp of transverse field. A bar traveling at a shallow angle to such a field decelerates about 6.3 m/s. If the bar is 0.25 m long and moves at 20 m/s, it aligns with the field in~10 ms, during which time it advances~0.2 m.
In case (1) the conductor is a rod of radius a that is coaxial with an axisymmetric magnetic field and moves at a velocity v along their common z axis. Along the axis the field is purely axial: Note that this is proportional to −v t ( ) , and so the force always is one of deceleration.
The current density also interacts with the axial magnetic field to generate a radial force whose density is: / . This force compresses the conductor radially as it enters the field and tends radially to disperse a conducting jet as it exits. However, unless arcing maintains the circumferential path for current to flow, eddy currents should collapse, eliminating the forces on the jet-axial as well as radial. In any case, the radial boundary of the jet should remain within the confines of its enclosing tube of force. Any conductor whose boundary follows a tube of force sees no change in flux linkage, and hence develops no induced voltage, eddy current or force. Therefore, a liquid jet emerging from a field should expand no more rapidly than do the flux lines; its diameter should not double until the field has fallen by a factor of four.
Integration of the axial force density gives the total force F z t ( , ) on the rod. Integrate with respect to r from 0 to a , and with respect to z from the rod's trailing edge z z l − ≡ − to its leading edge z . Division by the mass of the rod, m a l = πγ 2 , gives the acceleration, dv dt / :
where G is the indefinite integral of g z . The velocity decays exponentially with time.
For the more general case of a field gradient that depends on axial position, solve for the velocity as a function of position-the leading edge of the rod-rather than time. / at the solenoid mouth, z = 0 .
The indefinite integral To predict the rod's cumulative deceleration,
and integrate with respect to z from −∞ to z : To observe the effect of a magnetic field on a liquid jet a particularly convenient metal is gallium A hot summer day is enough to melt the pure metal, while a eutectic alloy with 25% indium melts at 16°C [4] . A ternary alloy with 22% indium and 16%
tin, melts at 11°C [4] . Its viscosity, 1.894 centipoise at 53°C [5] for example, is only double that of water. It is relatively nontoxic, and, unlike mercury, its vapor pressure is very low [6] . Unfortunately, gallium is fairly expensive-99.99% purity gallium is $930 for 200g from one source [7] .
Case (2): Deceleration of Conductor by Transverse Field with Constant Gradient
Case (2) calculates the force on a conductor of length l that moves along its axis through a magnetic field perpendicular to that axis. Define the y and z axes to be those of the velocity v and field B , respectively. The velocity depends on time t or, equivalently, position y ; the latter is the more informative. For simplicity demand that the field depend only on y , and that it be linear over the full distance of travel:
, where g, the field gradient dB dy / , is constant. Let the cross section be rectangular, with transverse dimension 2a l << in the x direction. The other transverse dimension-parallel to the field-has no influence on the rate of deceleration.
When the center of the of the bar is at y (and its leading and trailing edges at y l ± / 2 , respectively), the longitudinal cross section of the bar encloses a flux
. This flux induces, around the boundary of the bar, a voltage:
The voltage induces a current density which at the longitudinal surfaces x a = ± of the bar is approximately j a y V y l a gv y
Note that the voltage and current density depend not on the magnitude of the field but only on its gradient. Motion of the bar through the magnetic field produces a Lorentz force F e v B = ± × on each proton and electron in the bar, causing some electrons to migrate to the surface x a = − ; this polarizes the bar (in the x direction, perpendicular to its velocity and to the magnetic field). For a current to flow along the bar, however, it must have a gradient of voltage, and hence of magnetic field, along its length.
To predict the current density at any point ( , ) x y , with x a < and y l x a < / 2 , calculate the longitudinal current density at the surface of a geometrically similar but As with paraxial motion, the deceleration rate scales with the square of the bar thickness and the field gradient, and inversely with its density and electrical resistivity. . This flux induces around the loop a voltage: This deceleration is half that of case (2), because the current flows in square loops with a ratio of area to perimeter, and hence of current density, that is only half that of the highly-elongated rectangles of case (2). For the pion capture system parameters as above, the deceleration is~6.3 m/s. Note that this is the same as for the paraxial case.
The result should be reasonably accurate even though the bar rotates and loses its alignment with its axis, so long as the misalignment never approaches 45º (i.e., the field in the direction of the velocity of the bar always is bigger than the field perpendicular to the velocity).
Again, the deceleration is inversely proportional to the density and electrical resistivity, and directly proportional to the square of the transverse dimension and the gradient of the field traversed. For an experiment to reveal the magnetic interaction, one wants low density and electrical resistivity. Candidate elements are sodium, at 0.97 g/cm 3 and 4.9 µΩ cm at 27°C [10] , potassium, at 0.86 g/cm 3 and 7.5 µΩ cm at 27°C
[10], or lithium, at 0.53 g/cm 3 and 13.4 µΩ cm at 127°C [10] and 25 µΩ cm just above its melting point of 180°C [8] . One also wants large diameter and field gradient. Unfortunately, too low a velocity may allow gravity to dominate the motion. Similarly, too large a diameter may allow turbulence to dominate. Fortunately, the field gradient can be high without the field itself being high, if the gradient is sufficiently localized.
The current density also tends to align the bar with the magnetic field. The torque density, measured about the y = 0 midplane of the bar, is − y j B y 
